Abstract: Scattering near-field scanning optical microscopy (s-NSOM) has been developed to characterize optical near field with spatial resolution on the order of 10 nm. In this work we report investigation of the interferometric patterns commonly occurred in s-NSOM measurements. To reveal the origin of such interference patterns, a simple nanoslit is used. Comparing the measured result with a simplified analytical model as well as full-field numerical simulations, it is shown that the interference pattern is predominantly formed by the in-plane component of incidence light and surface plasmon polariton (SPP) launched by the nanoslit. This result helps to understand the responses of plasmonic nanostructures during s-NSOM measurements. 
Introduction
Apertureless or scattering near field scanning optical microscopy (ANSOM or s-NSOM) has been demonstrated to achieve optical resolution of the order of 10 nm [1, 2] . This ability of high resolution optical imaging has been applied to investigate optical interactions beyond the diffraction limit, including material identification [2] , characterization of optical devices [3] [4] [5] , and nanoscale spectroscopy [6] [7] [8] . The key of high resolution imaging in s-NSOM is the sharp tip used for measurements. The s-NSOM tip under light illumination provides local field enhancement by acting as a nanoscale scattering light source with the advantage of wavelength independence [9] .
In spite of the advantages of s-NSOM resolution, s-NSOM suffers from an intense background signal from the back-scattered light collected by the detector. The background signal is a result of reflected light from the probe shaft and sample surface. This background signal is overwhelming considering that the useful signal only originates from a small region of tip-sample interaction, which is of the order of tens of nanometers [9] . Several methods have been proposed to suppress the background, for instance, regulation of tip sample distance [10] , high harmonic demodulation [2] , and interferometric modulation [3, 11] . These methods have been proven to be able to extract near-field signal from the background noise. Meanwhile, optical interferences are often observed in s-NSOM data after applying these background suppression methods. These interference patterns are generally explained as a result of interference between the field scattered by the s-NSOM tip and the back-scattered light from surface asperities [12, 13] .
In this work, we report a different mechanism of interference formation in s-NSOM measurements using both an analytical model and numerical simulations. The measurement is performed using an s-NSOM system applying the pseudo-heterodyne background suppression method [11] . We show that the observed interference fringes of a simple sample, a nanoslit, originate from the interaction between in-plane component of the incident light and surface plasmon polariton (SPP) launched by the nanoslit. This result will clarify the hybridization of optical fields in s-NSOM measurements, especially when studying plasmonic structures.
Experimental
The experiment is carried out using a home-made reflection type s-NSOM system. A schematic of the experimental setup is shown in Fig. 1 . This s-NSOM setup is based on a commercial Atomic Force Microscopy (AFM) system CombiScope 1000 from AIST-NT. A diode laser with wavelength of 1,300 nm is used for optical lever feedback in AFM to avoid interfering with the measurements conducted in visible wavelength range. The excitation laser source is a 633 nm Helium-Neon (HeNe) laser. The laser beam is expanded and collimated to provide better focus and flatter wavefront. The polarization direction of the laser beam is adjusted using a ½ waveplate. A Mitutoyo objective with numerical aperture of 0.42 is used to focus the laser beam onto the apex of s-NSOM tip. A three-axis piezo scanner is used to mount this objective, and provides accurate control of laser focusing location. For s-NSOM measurement, the AFM is generally operated in the tapping mode, with the s-NSOM probe oscillating at its fundamental resonance frequency. The back-scattered light is collected by the same objective and directed to an avalanche photodiode detector (APD). An interferometric pseudo-heterodyne method is applied to suppress the background noise in the s-NSOM measurement [11] . This setup can essentially be viewed as a modified Michelson interferometer. The incident light is divided into two paths by a cube beam splitter. The path including the objective and AFM is referred as the measurement arm, while the other is the reference arm. The laser power going into the measurement arm is about 6 mW. The same amount of laser power goes into the reference arm, which is then reflected by a mirror mounted on a piezo actuator. The back-scattered light and the reflected reference light combine at the beam splitter. The APD detects the combined light and outputs the signal to a lock-in amplifier (HF2LI-MOD, Zurich Instruments). The mirror on the piezo actuator is oscillating at a frequency of 200 Hz, modulating the signal into sidebands of harmonics of the probe oscillating frequency ω o . The lock-in amplifier then demodulates the signals, conveying the results to the AFM controller for the purpose of mapping. The sample used in this study is a 60 nm thick gold film coated on a glass substrate using an E-beam evaporator (CHA Industries). Nanoslits with width of 200 nm are fabricated using focused ion beam (FEI Nova 200 Dual Beam FIB/FEM) milling. Commercial AFM probes (ARROW-NCPt, NanoWorld) with platinum coating on the tip side are used for all the measurements. The nominal radius of the tip apex is 25 nm. Incidence beam comes in at an angle of 58° from surface normal before being focused by the objective.
With the use of this pseudo-heterodyne interferometric method, signals at the 1st sideband and 2nd sideband of 2ω o are obtained together with the corresponding topography. The near field amplitude and phase information is then recovered from these two signals [11] . Figure 2 shows an AFM topography image and optical images of the nanoslit. Looking down onto the sample in these images, the incident light radiates from the bottom toward the nanoslit. In distinct fringes appear on the lower part, the direction of the incoming laser beam, while no fringe or only slow intensity variation appears on the upper part of the nanoslit. All fringes are found to be parallel to the nanoslit. In addition, the envelope of optical phase fringes is found to be about π/2 ahead of the amplitude envelope, indicated by the white dashed lines in Fig.  2 (b) and 2(c). 
Analytical model and numerical simulations
We interpret the observed interference fringes as a result of interference between the SPP launched at the nanoslit and the in-plane component of the incident radiation. It is known that structures on a metal surface can excite surface plasmon polariton (SPP) under light illumination [14] . A simple structure such as nanoslit can have a high efficiency for SPP generation under oblique illumination [15] . This is a common situation for an s-NSOM setup with a side collection objective. The p-polarized excitation light can launch SPP on both sides of a nanoslit; then the SPPs propagate away from the nanoslit. The incident wave interferes with the two SPPs, forming fringes on both sides. This laser-SPP interaction can be described by an analytical model [16, 17] . Due to the different propagation directions of the two SPPs with respect to the in-plane component of incident radiation, the interference periods are different on two sides of nanoslit, which can be described as:
where λ o in our case is 633 nm for the incident wavelength, λ SP is the wavelength of SPP, θ is the angle of incidence with respect to the sample surface normal, and φ is the angle between normal direction of nanoslit and the incident plane. The permittivity of the gold film is measured using an ellipsometer to be 10.789 + 1.902i at 633 nm. θ is fixed at 58° in our setup. Using these values, the periods Λ  and Λ + are found from Eq. (1) and Eq. (2) to be 334 nm and 3.1 μm, respectively, when orientation of nanoslit is perpendicular to the plane of incidence (φ = 0°). These two equations also indicate that when the orientation angle φ increases, the period of interference fringes increases, while the fringes will still be parallel to the orientation of nanoslit. For example, when φ = 26°, the periods Λ  and Λ + will be 349 nm and 2.2 μm respectively; and when φ = 45°, the periods Λ  and Λ + will be 383 nm and 1.4 um respectively. Note the fringe spacings are identical for out of plane and in plane incident fields.
To further illustrate formation of interference, numerical simulations are performed using commercial frequency domain finite-element method (FEM) software (HFSS, Ansoft LLC).
The simulation model consists of a 60 nm thick Au film on top of a fused silica substrate (n = 1.457 at 633 nm). The nanoslit is 200 nm wide as in the experiment. A p-polarized Gaussian beam with a beam waist of ω o = 2 μm is focused at the center of the nanoslit. The simulation results of the transverse electric field component E z are shown in Fig. 3 , which indicate different patterns formed on two sides of the nanoslit, in agreement with the analytical model and experimental observations. Here E z is presented because s-NSOM is most sensitive to the vertical field component especially when a metal coated tip is used [18] . Three different orientations of nanoslit are simulated. The periods on the lower side of nanoslit are found to be 333 nm, 359 nm, and 408 nm for angles of 0°, 26°, and 45°, respectively. On the upper side, there is also intensity variation; however it is not sufficient to calculate the exact period (to be addressed more later). The fringe orientation also agrees with the model that the fringes are formed by the interference between SPPs and the in-plane component of the incident wave. To examine the measured phase information, we apply the same analytical model and express the electric field component E z explicitly. The model computes the total field as the superposition of the incident field, its reflection, and the SPP launched by nanoslit. For a transverse magnetic (TM) mode plane wave incidence,
the E z field can be expressed as,
, and x = 0 is at the center of the nanoslit. A is the relative amplitude of SPP with respect to the amplitude of the incident wave. Here it is determined to be 0.1-1i by matching both the interference contrast and the position of peaks of the measured amplitude result (Fig. 4(a) ). A plot of the calculated E z at z = 0, including both amplitude and phase, is presented in Fig. 4(b) . In the plot, the near field phase (red curve) has the same periodicity as the near field amplitude (black curve), and the phase envelop has a lead of ~π/2 relative to the amplitude envelop. These results are consistent with the measurement shown in Figs. 2(b) , 2(c), and Fig. 4(a) . A numerical simulation is also conducted using HFSS, using similar configuration but with an incident Gaussian beam. The simulated E z in Fig. 4(c) shows the same conclusions as the measurement and the analytical calculation, i.e., there is a π/2 lead of the phase envelop. The differences in the details are mostly a result of different scenarios used in the three cases. The simplified analytical model assumes a plane wave illuminating the whole sample surface, resulting in a much slower decay of interference than the other two plots. In the experiment, the laser beam is focused at the tip during sample scanning. While in the numerical simulation, the tip is absent and a Gaussian beam with a finite size is focused at the nanoslit center. 
Discussions
Both the analytical model and the numerical simulation indicate that the fringe spacing depends on the orientation of nanoslit due to the difference in the angle between propagation direction of excited SPP and the in-plane wave vector of incident wave, and the interference fringes are parallel to the nanoslit. These computed results agree well with the experimental data. Quantitatively, from the measured NSOM images shown in Fig. 2 , we obtain fringe periods of 340 nm for 0° (Fig. 2(b) ), 358 nm for 26° (Fig. 2(d) ) and 367 nm for 45° (Fig.  2(e) ). Applying the analytical model, the periods for these three angles are 334 nm, 349 nm, and 383 nm, respectively. Meanwhile the numerical simulation yields a result of 333 nm, 359 nm, and 408 nm, respectively. In general, the experimental results agree with the calculations. Deviations could come from a few factors, e.g., the analytical model assumes a plane wave illumination with a uniform wave front, while a focused Gaussian beam is used in the experiment, having wavevectors in many different directions. Also, the laser focusing position on the sample is constantly changing relative to the nanoslit since the sample is moved under the still tip during the scanning process. In addition, the existence of s-NSOM tip also has an effect on the interference pattern. Although we consider the effect from the tip to be minor (more to be discussed later), the presence of the s-NSOM tip may contribute to the discrepancy between the calculated and measured fringe spacing.
The analytical model predicts fringes with different periods existing on both sides of the nanoslit, whereas fringes appear predominantly on one side of the nanoslit in NSOM measurements. A main reason for this is, during the measurement, the laser focusing position is fixed at the static tip when the sample is moving. Due to the limited laser spot size, the larger fringe periods on the upper part of the nanoslit in Fig. 2 could not be captured experimentally.
The analytical model and the numerical simulation only include SPP generated by the nanoslit. However it is known that s-NSOM tip could provide field enhancement and launch SPP as well [19] . For example, interference patterns have been observed in a graphene sample under infrared laser irradiation [20] , which was explained as the interference between a SPP launched by tip and its reflection from the boundary of the graphene layer. In our measurement, the variation of fringe period at different nanoslit orientations and the very different fringes at two sides of nanoslit indicate that the interference between tip-launched SPP and slit-reflected SPP cannot be responsible for the formation of these fringes, otherwise the period of these fringes would be independent of the nanoslit orientation, and same fringes would appear on the two sides of nanoslit. We note that a similar phenomenon was reported on near-field imaging of mid-infrared surface phonon polariton (SPhP) [21] . The interference pattern observed in [21] was explained as the interference between the illuminating field and the launched SPhP. Applying Eq. (2), the calculated spacing of the interference is consistent with the measurement result in [21] .
To further illustrate that the interference pattern is formed by SPP launched at the nanoslit, we carry out experiments under different focusing conditions. We move the focused laser spot away from the tip as shown in Fig. 5(a) for a distance of 0.5 μm. Note that during the scanning process, the sample moves to form the image, therefore the relative position between the focused laser spot and the tip does not change. At each of the three locations 1, 2, and 3 shown in Fig. 5(a) , a corresponding near field image is obtained and shown in Fig. 5(c) , 5(d), and 5(e), respectively. The center position 2 is determined by blocking the reference light and mapping the light intensity scattered by the tip using the objective scanner ( Fig. 5(b) ). The projection of probe in this image is marked with the dashed line and the incident light comes from the right side of the image. This map confirms the optical alignment at position 2. The NSOM images obtained at the three locations show a strong dependence on the focusing position. At position 1, where the focused laser spot is to the left of the tip apex and closer to the slit, the signal of the interference fringes is strongest, while at position 3 the laser spot is further from the slit, the fringe is weakest. This is another indication that the fringes are produced by the PP generated by the slit rather than the tip.
Conclusions
In conclusion, we investigated the formation of interference fringes in the s-NSOM measurement of a single nanoslit. Both amplitude and phase of the interference fringes were obtained, providing complete information of the measured optical near field components. The observed spacing of interference fringes varies upon rotation of the nanoslit. It is shown that the fringes are formed due to the interference between the SPP generated by the nanoslit and the in-plane component of the incident laser beam, different than the mechanism reported in [20] . The nature of this interference pattern adds complexity to the s-NSOM images and needs to be taken into account in the interpretation of s-NSOM measurements, especially those of plasmonic nanostructures.
